Flow cytometry is an ever-advancing high-throughput multivariate analysis tool that natively provides size and morphological information. To obtain molecular information, however, typically requires the addition of fluorophores, which are limited by spectral overlap, nonspecific binding, available conjugation chemistries, and cellular toxicity. A complementary or alternative, label-free approach to molecular information is through multiplex coherent anti-Stokes Raman scattering (MCARS), which is a coherent, nonlinear optical method that provides a wealth of molecular information by probing the Raman energies within a molecule. In this work, we demonstrate the unique capability of our MCARS flow cytometer to distinguish flowing particles and discuss system performance capabilities and possibilities. Opt. 18, 101-104 (1979). 34. X. Ma, J. Q. Lu, R. S. Brock, K. M. Jacobs, P. Yang, and X. H. Hu, "Determination of complex refractive index of polystyrene microspheres from 370 to 1610 nm," Phys. Med. Biol. 48, 4165-4172 (2003). 35. M. L. Shuler, R. Aris, and H. M. Tsuchiya, "Hydrodynamic focusing and electronic cell-sizing techniques," Appl.
Introduction
Over the last half-century, flow cytometry has evolved from its modest roots as a cell counter/sizer that measured impedance changes as particles flowed past, to complex multivariate systems that use optics and electronics to measure an ever-growing variety of phenotypes. Information about size and morphology is traditionally gathered from analyzing photons elastically scattered off of passing particles or electrically measuring impedance changes across a target area of the flow volume [1] [2] [3] . To ascertain molecular information, however, typically requires the addition of fluorescent labels [2] [3] [4] [5] [6] . These labels, although a powerful tool, have limitations and challenges such as large emission spectra, nonspecific binding, available conjugation chemistries, and cytotoxicity, which can alter cellular chemistries and perturb the experimental outcomes [2, 4] . Additionally, the process of conjugating fluorophores and labeling cells can be time consuming; thus, reducing clinical turn-around times and affecting time-sensitive samples (e.g. [7] ).
In the last 10 years, flow cytometry has increasingly pushed the boundaries of the number of simultaneously measurable colors and in doing so realized analyses not possible or probable with fewer colors [4] . As the amount of information scales geometrically with the number of color channels, there is a continued push for more channels and more information. This expansion, however, has increased the complexities of selecting and utilizing fluorophores and increased the demands on system of system optics and detectors. One of the largest challenges facing multicolor systems is from the spectral overlap between color channels resulting from the broadband emission spectra of the individual fluorophores. Although one could subdivide a sample and separately label and analyze the aliquots, this is not always practical when sample volumes are limited such as with pediatric samples or when analyzing rare cells [4] . Another option that cytometer vendors and independent researchers have actively engaged, is the use of compensation methods, which are mathematical models designed to reduce the effects of spectral bleed. Although these methods applied in hardware and software can be effective, they bring along their own complications, limitations, and errors [4, 8] . Alternatively, the use of detector arrays to capture the full fluorescence spectrum was developed and demonstrated the capability to detect multiple fluorophore-labeled samples with a good degree of accuracy [9] .
To circumvent these problems, several groups have used Raman scattering based methods to probe the chemically specific vibrational levels of passing samples [10, 11] . These vibrational levels provide rich information about the state of the molecule and provide a mechanism for differentiating samples in a label-free manner. Chan et al., for example, demonstrated the vibrational differences of healthy and neoplastic lymphocytes [12] . These methods can be used in conjunction with fluorescent techniques, or possibly in some instances, to replace them entirely. Raman scattering, however, is a relatively weak process; thus, requiring techniques such as surface enhancement with nanoparticles [10] to be feasible for high throughput systems (HTS). Related, coherent techniques also probe the Raman vibrational levels within molecules, but with much higher efficiencies. One such method, which has shown promise in analyzing biological samples, is coherent anti-Stokes Raman scattering (CARS) [13, 14] .
CARS is a third-order nonlinear process in which two photons (pump and Stokes) excite a vibrational (Raman) transition, and a third photon (probe) inelastically scatters off of the excited sample. As compared to traditional Raman spectroscopies, CARS is a coherent pro-cess, which leads to much higher process efficiency; thus, the CARS signal can be several orders of magnitude larger than spontaneous Raman. Additionally, CARS is a parametric process that generates blue-shifted, anti-Stokes photon; therefore, there is no spectral overlap with sample fluorescence, which can obscure or completely hide the conventional Raman signal. These strengths have evolved CARS microscopy into an advanced imaging and spectroscopic modality that has been successfully applied to a number of biologically relevant samples, for example: yeast cells [15] , oxy-/deoxyhemoglobin [16] , live animal cells [17] , and unstained human cells [13, 14, 18, 19] . Recently, CARS has been applied toward microfluidic flow cytometry [20] . In this implementation of CARS, the relative energy (frequency) between the pump and the Stokes sources was tuned to selectively excite a single Raman vibration; therefore, providing vibrationally selective flow cytometry.
In this work, we demonstrate a label-free microfluidic flow cytometer based on multiplex CARS (MCARS), which excites multiple transitions simultaneously; thus, providing a more complete vibrational picture than found with vibrationally selective techniques (such as CARS) [21] [22] [23] [24] [25] [26] . Additionally, this broadband technology provides a similar wealth of information as conventional Raman spectroscopy, but at emission intensities large enough for high-speed detection; thus, opening up the possibility of integration with current flow cytometers that can work in excess of 10,000 particles per second. Recently, the molecular sensitivity of MCARS was applied to microfluidics in order to measure the concentration profiles of mixing species within a microreactor with unprecedented sensitivity [27] . In this work, we extend this method's sensitive, multispectral abilities to the dynamic situation of characterizing flowing particles. To demonstrate this molecular sensitivity, we analyze a sample composed of polymer beads of the same size but differing composition (polystyrene and poly(methyl methacrylate)). Looking at the spectral content of the passing samples, allowed for clear distinction between the different beads (and the aqueous surroundings). Additionally, we analyze the performance of our particular system, and discuss the optimal-yet-feasible performance of the technology.
Experimental apparatuses, materials, and techniques

MCARS Spectrometer
Coherent anti-Stokes Raman scattering (CARS) is a nonlinear optical process that probes the vibrational levels within a material; thus, providing molecularly specific information. Two photons, pump and "Stokes", excite the material into a higher vibrational level, and a probe photon inelastically scatters off [see Fig. 1(a) ]. In this implementation, the energy difference between the pump, Stokes, and probe are tuned to correspond to Raman energy levels. Multiplex CARS, however, uses a broadband Stokes (or pump) source to excite multiple Raman transitions simultaneously [see Fig. 1 (b)] [21] [22] [23] [24] [25] [26] . As shown in Fig. 2 (a), our system uses a sub-150 fs source (MIRA, Coherent, Santa Clara, CA) to act as both pump (degenerate probe) and seed source for a length of photonic crystal fiber (PCF) (FemtoWhite 800, NKT Photonics A/S, Birkerød, Denmark) [24, 26] . Within the PCF, an interplay of linear and nonlinear effects; such as soliton formation, decay, and collapse; produces a supercontinuum [28, 29] that is used as the broadband Stokes source. The raw spectrum from the PCF is long-pass filtered to remove wavelengths below the 806 nm pump, which would act only to interfere with the anti-Stoke signal [30] . The excitation sources are coupled into an inverted, customized microscope (BXFM, Olympus, Tokyo, Japan) and focused on the sample with a 100x oil-immersion objective (Planachromatic Micromaster, Fisher Scientific, Pittsburgh, PA) providing a focal volume less than 500 nm across and approximately 1.5 μm axially. The MCARS spectrum is collected in the forward direction with a 10x long-working distance objective (LMPlanFl, Olympus, Tokyo, Japan) into the collimator tip of a fiber-coupled, charge-coupled device (CCD) spectrometer (InstaSpecX, Newport Stratford, Inc., Stratford, CT), recorded in LabVIEW and analyzed in MATLAB. 
Microfluidics
Microfluidic devices, due to their small feature size, provide high sensitivity while using sample and analyte volumes into the nano-and picoliter range [31, 32] . To provide a confined and controllable area in which to flow our sample, we used a commercially available glass chip (X3550, Micronit Microfluidics BV, Netherlands) with a cross architecture [see Fig. 2(b) ]. The cross architecture, with 3 inputs and 1 output, allows for independent sheath and sample flows that provide a hydrodynamic method for sample confinement. The channels are 20 μm deep and 60 μm wide. The chip is coupled to a syringe pump (PHD 2000, Harvard Apparatus, Holliston, MA) with polymer ports and adapters (NanoPorts, IDEX Health and Science, Oak Harbor, WA) that provides an air-tight seal with low dead volume for up to 1500 psi, which supports aqueous flows up to approximately 75 μL/min.
Sample preparation and administration
To demonstrate the molecular sensitivity of our MCARS flow cytometer, we selected 5 μm spheres of polystyrene (PS) (Thermo Scientific, Waltham, MA) and poly(methyl methacrylate) (PMMA) (Phosphorex, Fall River, MA). These spheres, with indexes of refraction of 1.49 for PMMA [33] and 1.58 for PS [34] , are (linearly) optically similar, but have distinctly different CARS spectra (see Fig. 3 ). Each type of microsphere solution was mixed in an approximately 1 : 1 ratio and added to 2% detergent solution composed of Tween 20 (Promega, Madison, WI) and deionized water to prevent aggregation, which may hamper smooth flow or clog the channel entirely. The final sample concentration was approximately 2% solids and 98% liquid; although, particle aggregation at the sample inlets changed the measured ratios in most experiments to approximately 50% solids.
In order to administer the samples, we needed a method to ensure orderly, single particle flow through the optical focal region. The traditional method of sample confinement in flow cytometry, hydrodynamic focusing, encapsulates the sample flow with a high-speed sheath flow [35] . As long as the sheath fluids vary in viscosity or velocity from the sample, the flows do not mix, and the sample flow is relatively well contained. In many flow cytometers, the focal volume is an ellipsoid that is wider than the sample flow; thus, it is able to accurately capture particle sizes while remaining relatively insensitive to the exact spatial location of the particle within the sample flow. As CARS is a third-order nonlinear optical process, spreading the incident beam over a large area (relative to the particle sizes) would dramatically reduce the number of anti-Stokes photons generated; thus, it is an impractical approach for covering the entire area of the sample flow. A simple alternative that we conceived of is "hydrodynamic herding", where particles flow along the channel side-walls in an effort to fix the transverse location of all flowing particles (see Fig. 4 ). For this work, we used a 100 μL syringe (lateral port) and a The ultrafast source acts as both the CARS excitation pulse and a seed for a length of photonic crystal fiber, which is spectrally filtered and recombined with the pump (temporally and spatially overlapped). These sources are focused on the sample with an inverted microscope, and the emitted anti-Stokes signal is collected into a CCD-equipped spectrometer. (b) Image of the microfluidic chip, which has channel widths of 60 μm and depths of 20 μm. Each port of the chip is connected to a different size syringe that was selected to provide consistent hydrodynamic herding, in which sample particles are forced to flow against a side wall.
1 mL syringe (axial port) to apply the sheath flow and used the sample port as a reservoir. A negative pressure was applied to the output port with a 50 μL syringe in order to pull the sample through. We found that this configuration allowed consistent hydrodynamic herding even at low flow rates.
Experimental results
To demonstrate the molecular sensitivity of our system, we flowed a mixture of PS and PMMA beads in a detergent solution at approximately 185 μm/s (as measured along the sidewall), which is ∼ 360 pL/min at the sample inlet. These beads, although the same size and optically similar, have distinct CARS spectra, and thus are easy to differentiate using our system. experiment the pump and Stokes source powers were approximately 38 and 8 mW, respectively, and the integration time was approximately 100 μs with full-vertical binning. The particle spectra have a signal-to-noise (SNR) ratio of approximately 14-16 dB. With this integration time and the additional data transfer time, each particle was captured by approximately 3 spectra. Even with this level of signal, the integration time could be significantly reduced (assuming the CCD hardware allows for this) while maintaining the signal necessary to distinguish the particles.
To classify the samples, we used a principle component analysis (PCA) tool developed in MATLAB. PCA is a multivariate analysis tool that reduces the number of variables (in this case, wavelengths) in a given data set by combining them into "principle components" that represent the most prevalent spectral variations [36] . Using this tool, we can classify spectra as PS, Fig. 5(a) , where green is PMMA, red is PS, blue is water, and black is for spectra not significantly above the dark current (usually occurs at the edge of particles due to refraction of the incident beams). This analysis tool was able to distinguish and classify water, PS, and PMMA with 100% accuracy during a large evaluation test set; although, this perfect accuracy would undoubtedly be tested for more complicated and weaker spectra. Each particle is approximately captured by 3 spectra, and Fig. 5 (e) shows the particle centers determined by local maxima in the MCARS spectra. Spectral classifications lasting longer than 3 spectra are caused by the asynchronous nature of the data collection, which allows closely spaced particles to blend with each other. Triggering data collection off of elastic scatter, possibly from a fast photodiode, could improve spectral collection reliability, accuracy, and intensity. Additionally, particle spectra lasting less than 3 spectra can be caused by imperfect hydrodynamic herding in which the particle did not travel maximally through the focal volume.
Discussion
Multiplex coherent anti-Stokes Raman scattering (MCARS) based flow cytometry provides a chemically sensitive platform for sample population analysis that has the potential to work in tandem with or to replace aspects of fluorescence-based flow cytometry. Currently, the speed and configuration of our system seem to beg the question as to the feasibility of adding MCARS technology to flow cytometry (macro-or microfluidic systems). Fortunately, the performance limitations of our system are not the limitations of the technology, and MCARS could be ontrack as a real addition to flow cytometers. In the traditional (microscopy) implementation of CARS, relatively narrow-band lasers are used to excite individual Raman transitions and the emitted anti-Stokes photons are detected with a single channel detector such as a photomultiplier tube (PMT) or an avalanche photodiode (APD). These detectors can be sensitive even at very short integration times and have allowed CARS to become a viable real-time microscopy technique [17] . When applied to flow cytometry, however, this technique is limited to targeting single known Raman transitions of interest as it would be impractical to sweep the laser wavelength to cover a relatively large spectral range. Multiplex CARS (MCARS), on the other hand, circumvents this problem by exciting multiple Raman transitions simultaneously and detecting the anti-Stokes photons with a broadband detector-typically a cooled CCD-equipped spectrometer. Unfortunately, these cooled CCD detectors are slow in comparison with PMT's and APD's at up to a few hundred spectra per second. Although these cameras are relatively slow due to circuitry timings and data transfer rates, they are far from their sensitivity limits. Figure 6 shows the simulated SNR capabilities and possibilities of several commercially available CCD spectroscopic cameras and of a generic PMT (Table 1 gives the CCD specifications used for the simulations) for a photon flux of 2.5x10 6 photons/sec/wavelength channel. This photon flux approximates the anti-Stokes photons produced above the nonresonant background in Fig. 5(a) ; thus, it represents a realistic value for MCARS. For biological samples, this value could improve or decrease by over 10 dB depending on system optimization and particular molecular cross-sections. Changes to the system architecture, such as using a picosecond pump laser (assuming the Stokes source remained the same) would have the triple benefit of improved spectral resolution, improved CARS generation due to increased spectral energy density, and reduced nonresonant background as it decreases quadratically with pulse temporal width [37] . Note that the values used in this simulation are not optimized; rather we used the published typical values [38] [39] [40] . The generic PMT represents performance metrics of commercially available PMTs often used in CARS microscopy. It has a simulated gain of 10 6 , an anode radiate sensitivity of 8x10 4 , a noise figure (F) of 1.3, and an anode dark current of 1 nA. Table 1 . Specifications used to simulate SNR versus integration time of various CCD detectors (see Fig. 6 ): Newport InstaSpec X (low-and high-speed ADC settings) (Newport Stratford, Inc., Stratford, CT), Andor DU970N-BV (Andor Technology plc, Belfast, Ireland) , Princeton Instruments PIXIS:100F (Princeton Instruments, Trenton, NJ). These performance specifications are typical numbers and do not necessarily represent optimized settings, but rather typical values [38] [39] [40] As can be deduced from Fig. 6 , CCD detectors as used for MCARS are far from their speed limits. All of the CCDs simulated maintain an SNR above the generic PMT until around 10,000 spectra per second. Currently, commercially available CCDs with this level of sensitivity operate at below 1500 spectra per second (most between 15 and 200 spectra per second), but lesssensitive CCD cameras are available from 1000 frames per second to over 4,000,000 [41] [42] [43] . With high-speed technology applied to ultra-sensitive CCDs, MCARS could operate at speeds comparable and compatible with current flow cytometers. Additionally, using single-channel (or few-channel) detectors to measure elastic scatter for morphological and sizing information relaxes the speed requirements on the CCD camera. We are currently evaluating this decoupling of morphological and molecular information by integrating a separate detector for elastic scatter measurements.
Conclusion
In this work, we presented our MCARS microfluidic flow cytometer and demonstrated its ability to distinguish optically similar samples based solely on molecular composition. Furthermore, we examined the feasibility of a high-throughput system able to characterize thousands of samples per second based on the SNR provided by current MCARS systems and detector sensitivities. With the expansion of flow cytometer systems to more and more colors and without many of the technical challenges of fluorescent labels, MCARS could provide an additional layer of information to flow cytometry and even stand to replace some necessity of fluorescent labels. Compared to traditional CARS implementations, MCARS excites multiple Raman vibrations simultaneously; thus, extending CARS from vibrationally selective to molecularly sensitive, which is practically necessary when applied to flow cytometry where the sample is in constant motion. Also, as compared to traditional Raman spectroscopy, MCARS is a coherent process and therefore orders of magnitude stronger; thus, reducing detection times to the order necessary for a high-speed cytometer. 
